Theoretical frameworks associated with science and technology studies (STS) are becoming increasingly prominent in social science energy research, but what do they offer? This review provides a brief history of relevant STS concepts and frameworks and a structured analysis of how STS perspectives are appearing in energy social science research and how energy-related research is appearing in social science STS. Drawing from an initial body of 262 journal articles and books with a stratified sample of 68 published from 2009 to mid-2019, the review identifies four major groups of perspectives: (1) STS-related cultural analysis, especially the study of sociotechnical imaginaries; (2) STS-related policy analysis, such as research on the social construction of risks and standards and on the performativity of economic models; (3) STS perspectives on public participation processes, expert-public relations, and mobilized publics; and (4) the study of sociotechnical systems, including large technological systems, the politics of design, and users and actor-networks. Connections among the perspectives and the value for energy social science research are also critically discussed.
Introduction
The energy social science research field utilizes a wide range of conceptual frameworks from many disciplines, among them economics, innovation studies, policy studies, psychology, and sociology. Increasingly, concepts from science and technology studies (STS, also called "science, technology, and society," especially in the non-Anglophone areas of the world) are finding their way into this interdisciplinary field of inquiry. At the same time, researchers in the STS field continue to examine energy-related topics with increasing vigor.
Since at least the 1990s, energy social science work that studies the nexus of science, technology, and society has flourished, and STS researchers have accelerated their interest in energy and climate topics (with notable emphases on electricity and mobility systems in particular). However, these two streams of inquiry have largely remained epistemically, methodologically, and geographically separate. The energy studies and STS research fields involve distinct and at times disconnected epistemic communities, with different training and approaches populated by different groups of people across space and time. The situation creates ample ground for myopia and misinterpretation as much as it holds promise for interdisciplinary synthesis and effective problem-driven research. Thus, this review introduces researchers in the general energy social science research field to the nexus of research involving STS and energy social science, and it contributes to an assessment of the accomplishments and potential of this area of research.
As an interdisciplinary field, STS does not have easily demarcated boundaries. One definition, which will be understood here as the broad intellectual space of STS, is consistent with what students encounter in educational programs throughout the world, where the terms "Science, Technology, and Society" and "Science and Technology Studies" are often used interchangeably to refer to programs with courses taught by a wide range of faculty positioned in various disciplines. In this context, STS is any scholarly study of science and technology from the perspective of a wide range of social science and humanities fields, including historical and philosophical approaches that do not address connections with society and policy.
However, there is also a second meaning of STS. This meaning is closer to a discipline, and it will be characterized here as the STS field rather than STS space. In this narrower, more disciplined sense, the STS field is the study of the processes by which scientific knowledge and technological artifacts are constructed (developed, maintained, and changed) and also the study of the changes in the broader social and material worlds that occur as part of the mutual shaping, co-constitution, or coproduction of science and technology with society and the natural environment. In the Anglophone world, the term "science and technology studies" is used almost exclusively in this sense.
Researchers who have acquired knowledge of STS as a field have the capacity to see science and technology through a distinctive "sociotechnical" lens. This STS vision and associated methodologies provide explanations of differences in the epistemic dimensions of science and scientific expertise (methods, theories, research priorities, etc.) that are not limited to causes based only on technical criteria such as empirical adequacy or logical consistency. Likewise, STS explains differences in technological systems and the design of material culture by going beyond causes based only on technical criteria such as functionality, cost, and efficiency. Instead, STS shows that adequate explanation of scientific and technological stasis and change, and their imbrications with society and the natural environment, require that social and cultural perspectives-understood broadly to include networks, users, firms, states, social movements, social structure (race, class, gender, sexuality, national original, etc.), global position, values, cognitive categories, institutions, and fields-are integrated into the analysis of causes and effects. STS as a field often seeks to steer a resolutely middle path between the world of epistemological relativism, where no claim to truth is better than another because everything is socially shaped, and what is generally called naïve realism, where the analytical resources for explaining science, technology, and society are reduced to technical factors.
We use the phrase "sociotechnical matters" in the title to reflect this STS field vision of social science research. In other words, we argue that the contribution of STS in energy social science is the analysis of matters that are both social and technical and that otherwise might be consigned to the black box of uninspected exogenous factors. Moreover, the thoughtful analysis of sociotechnical matters (e.g., research methods or technological design) is not trivial in fields such as energy social science; an STS-informed analytical process can lead to work that is not only more theoretically grounded but also more empirically descriptive and socially impactful in terms of influencing policy actors or other important social actors. In summary, our underlying vision of STS is a research field that provides the capacity to see the interconnections, mutual shaping, co-constitution, or coproduction of the technical, social, and natural.
This review begins with this basic understanding of STS as a field, and the next part of the review is used to identify historical STS perspectives that are relevant to contemporary social science research on energy. When we refer later to "STS-informed" work or "STS perspectives," we mean research largely derived from STS as a field rather than only STS as a space. The next sections describe a systematic and comprehensive method for the review of the current literature, followed by an overview of four main types of STS perspectives that are currently in use in energy social science research: imaginaries and other discursive forms; sociotechnical dimensions of policy; publics and citizen engagement; and sociotechnical systems, practices, and users.
STS perspectives: a brief background

The emergence of STS as an academic field
Because researchers in the interdisciplinary field of social science and energy may lack a broad understanding of STS perspectives, this subsection provides a brief background of some of the major approaches through the 1980s (See Fig. 1 .) The topic is vast, and readers who wish to gain a more detailed overview of the field may take advantages of various handbooks and introductory books that describe the diverse range of problem areas and research frameworks in the field. There are several official handbooks associated with the Society for Social Studies of Science (e.g., [1] ), and there are other handbooks that represent a diverse range of perspectives that are sometimes less wellrepresented in the official handbooks (e.g., [2] [3] [4] ). Readers who are not familiar with the field may also find helpful the diverse introductory books, which in turn emphasize different aspects of the field (e.g., [5] [6] [7] [8] ). To be clear, any attempt to define central tendencies or perspectives in STS will be contested because the boundaries of the field and central ideas are themselves contested. This situation occurs with most research fields, but it may be amplified in an interdisciplinary field. Nevertheless, for the purposes of providing a background for readers who are interested in but not familiar with STS (such as energy social science researchers and STS students), and to provide a basis for the analysis of the nexus of STS and energy social science research in the results section, this section will provide an overview of some of the basic concepts that appear in the handbooks and introductions and in the STS literature as a whole.
STS has long included energy among its topics of inquiry. Some of the highly influential publications of the 1980s were based on the analysis of energy systems, among them Thomas Hughes's study of electrification, which became an exemplar of research on large technological systems; Langdon Winner's analysis of nuclear energy, which became a foundation for research on the politics of design; and Brian Wynne's analysis of the response of a rural community in England to the expertise of nuclear scientists after the Chernobyl disaster, which was a foundation article in the study of expertise and publics [9] [10] [11] .
Since this earlier period, the nexus of research in STS and energy social science has expanded if not prospered, and a diverse range of STS-related concepts has proven relevant for social science research on energy. Some of these concepts were developed in energy-related STS research, but many of them were developed for other areas of STS, including studies of biomedical research, information sciences, and the natural sciences. This section will review some of the central concepts in STS research in general, including studies with a focus on energy but not restricted to them.
To understand the developments in the 1980s that became known as "STS," it is helpful to have some awareness of predecessors. (See Fig. 1 .) The origins of STS as we know it today have at least two separate streams. On the technology studies side, work by scholars in the midtwentieth century developed critical analyses of the social, environmental, and political consequences of technology. Jacques Ellul, Herbert Marcuse, and Lewis Mumford were among the mid-twentieth technology scholars whose work influenced a generation of technology scholars who came of age during the 1960s, such as Andrew Feenberg and Langdon Winner [12] [13] [14] [15] [16] [17] [18] . For example, the influential work of Lewis Mumford on authoritarian versus democratic forms of material culture explored an early version of the politics of artifacts and design [16] .
On the science side, a leading mid-twentieth century predecessor in Anglophone STS was Robert Merton [19] . Although his work also included some forays into what became known as the sociology of scientific knowledge, it focused mostly on the analysis of science as an [20, 21] . They developed arguments that rejected simplistic empiricist accounts of how scientific knowledge changes, and their work influenced the sociology of scientific knowledge that was emerging during the 1970s. During the 1980s, two major changes occurred: the sociology of science shifted emphasis from the analysis of institutions to the sociology of scientific knowledge, and the science and technology sides of the field became more integrated. With respect to science, most discussions for this period begin with the strong program and the idea that explanation of scientific knowledge claims and changes is not limited to technical considerations as described above [22] . The central methodological principle of the strong program is that explanations of scientific knowledge should adopt a symmetrical stance that applies the same explanatory resources to knowledge accepted today as true and as false. This approach recognizes that in the past there were controversies or disagreements about knowledge claims, and different networks of scientists interpreted the data and methods differently. One analogy is to think of the process of making knowledge in science as more like that of weighing evidence in a juridical setting with adversarial perspectives of prosecuting and defending attorneys, rather than as a process that can be resolved in a formulaic way through a single crucial experiment. Evidence does matter, but even experiments are subject to disagreements over the interpretation of results and methods, and scientists must engage in social negotiation to achieve closure for their disputes over evidence [23] .
The first empirical application of this approach was "interests" analysis, and the paradigmatic case was the study of a scientific controversy over two types of statistics in early twentieth-century Britain. Donald MacKenzie argued that the definitions of the statistics and their intended use were connected to two rival networks of statistical researchers who in turn were connected with broader positions in the political field and the social structure [24, 25] . However, this method faced challenges when attempting to defend the claim of causal relations from the broader societal fields of political and class conflict to the positions of rival scientific networks. For example, one network had connections to the eugenics movement and to Fabian socialism, but the causal linkages between the societal distinctions external to the scientific field and the differing positions in the controversy over statistical measures were questioned [26] . This type of linkage could be made, but it had to await the development of ethnographic and cultural methods that attended to the habitus of scientists and the cultural meanings of science to the participants in the controversy [27] [28] [29] .
Instead, during the 1980s, the field developed a range of micro-and meso-level analyses of the processes of making or constructing scientific knowledge, including laboratory ethnographies and controversy studies [30] . During the 1980s sociologists also developed an analysis of the construction of boundaries, such as the boundary work that scientists undertake to maintain the integrity of the research field [31] . They also pointed to the role of boundary objects, such as shared databases, which enable researchers and publics to coordinate across diverse frameworks and goals [32] . Feminist research led by Sandra Harding developed the idea that researchers brought with them cultural categories and values, a "standpoint," that became embedded in their concepts, methods, and agendas; and she also pointed to the potential for improved knowledge, or "strong objectivity," that can emerge from awareness of standpoints and inclusion of diverse perspectives [33, 34] .
During the 1980s, some STS researchers also applied similar methods to the study of technology-essentially joining the two formerly disparate threads of technology studies and science studies. Three leading approaches at this time continue to be represented as STS perspectives in energy studies today: the analysis of large technological systems explored the phases of development of infrastructural systems such as electricity; the social construction of technology extended a framework from controversy studies to show how social negotiation could bring about the stabilization of a technological design; and actornetwork analyses examined the development of heterogeneous networks of humans, organizations, laws, and technologies [35, 36] . Other approaches, to some degree drawing on the critical technology studies predecessors mentioned above, explored how gender, class, political values, and other broader societal differences were embedded in the design of technology [18, 37] .
In summary, several concepts developed during this period remain relevant today for social science research on energy: Although there were other important concepts, these concepts are highlighted here because they are salient in the contemporary work on energy and social science discussed in Section 4.
Directions in STS during the 1990s and early 2000s
During the 1990s and early 2000s, the STS field underwent considerable diversification. There is no generally agreed-upon set of categories for the new developments and amplifications of existing research programs that appeared, and from the many developments, we selected five main areas. (See Table 1 .) Again, these categories were selected because the methods and concepts were salient at the intersections of STS and energy social science that are explored systematically in Section 4.
The five categories are summarized here:
• During the late 1990s anthropological and cultural approaches in STS became more prominent, and researchers developed cultural analyses of science that focused especially on race, gender, colonialism, multiculturalism, and postcolonial/de-colonial perspectives. To varying degrees the work also brought back the topic of social structure that had received less attention after the rejection of interests analysis during the early 1980s.
• A second area that received growing attention was STS-oriented research on policy. Studies of expertise in the policy process drew attention to boundary work and boundary organizations, which mediate between the scientific and political fields, and to the social construction of risk and standards.
• During the 1990s and after, actor-network theory underwent further development and extension to general social theory and economics.
Latour's study of the effects of Pasteur's science on France showed how Pasteur's capacity to shape the world required an alignment of the outside world with his laboratory so that the science could become transformed into a society-changing heterogeneous technological network [45] . This approach, when applied to economics and policy, entailed showing how economic theories can be used not just to describe markets but also to define and shape them (that is, theories have a performativity dimension).
• The fourth area involved increased attention to public understanding and engagement, which to some degree overlapped with the cultural and policy turns. Research in this area began with the critique of the deficit model of the public, or the idea that public rejection of technology and expertise is due to lack of scientific knowledge and that the solution was public education and outreach.
• The fifth development of STS during the 1990s that is relevant for energy and social science is the diversification of research that is classified here under the rubric of sociotechnical systems and users. Work on the social construction of technology and on large technological systems continued and expanded to include governance. Another development of sociotechnical systems perspectives was increased attention to users. They play a role in the processes that lead to the stabilization of a technological design, but they also play a role in remaking technology or changing it in use [55] .
In summary, the diversification and elaboration of STS perspectives provided a range of resources that appeared in social science research on energy. These approaches include the three "turns" toward culture, policy, and publics; the development of performativity analysis and extensions of actor-network perspectives; and the continued development of research on technological systems, especially the role of practices and users as both constituting and constituted by the systems. These five streams of STS perspectives are not the only ones that emerged with the diversification of the STS field during the 1990s, but they were selected here because the review process indicated their importance for research at the intersections of STS and energy social science.
With this background in mind, the review is based on the following research question: what types of STS perspectives are currently in use in research at the intersections of STS and energy social science, and what have these STS-informed research projects achieved to date?
Research design: multiple reviews with stratified sampling and qualitative content analysis
This review has two goals. The first, which was presented in Section 2, was to introduce energy and social science researchers to STS as a field and to STS concepts and perspectives that to date have been relevant for energy social science research. The second goal is to provide an overview and typology of perspectives in energy-related research at the nexus of STS and energy social science that uses STS perspectives. To accomplish this second goal, our study conducted a systematic review that proceeded in three stages. (See Fig. 2 .) In stage 1, a data set of "candidate articles" was constructed based on searches in electronic databases that used a stratified sampling approach. In stage 2, based on a review of abstracts, titles, and keywords in the sample of candidate articles, a subset of publications was selected as "relevant articles" for review. At this stage, a preliminary classification of articles into different STS perspectives was made. In stage 3, the relevant articles were read and analyzed, and a subset of articles was selected for inclusion in Section 4 below, as described below.
Construction of the 10-year data set
The sampling method for candidate publications was stratified into two groups of searches, one based on general searches in Scopus and the other focused on STS publications. This sampling strategy was used so that publications from a wide range of journals, including general energy-related journals and STS journals, were both included. By using a stratified sampling method with broad search terms and a wide scope of publications, the review limited bias. The construction of the data set involved two sets of searches, and the sampling strategy also identified relevant books.
The first set of searches was conducted to capture the uses of STS in the context of energy social science that was not limited to the primary STS journals. The scope of the searches was restricted to energy and did not include climate science, general environmental policy, or other related areas. The first search used "science and technology studies" combined with "energy" in Scopus for articles published during the period 2009-2019 (one decade plus the first six months of 2019). This search returned 96 candidate articles. Because the term "science, technology, and society" is also used to mean STS, a second search was conducted using that phrase instead of "science and technology studies," again combined with "energy" and for the 2009-2010 period. This search returned 28 results. Combining these two searches, the energy journal Energy Research and Social Science had the highest number of results (N = 9), followed by Science and Technology Studies (N = 7). An additional search was conducted in the Web of Science's Social Science Citation Index as a robustness check on the first Scopus search. This search returned 51 results, of which 50 were duplicates when the final data set was assembled. This first set of searches made it possible to see how the term "STS" is being used in the broad literature on energy rather than determining a priori what STS is and then searching for categories generated prior to the sample. These searches returned mainly articles, but in some cases, they also returned book chapters and book reviews, which were also considered in the review. The second set of searches was conducted in STS journals based on abstracts, keywords, and titles. To capture a wide range of candidate publications, the search used only the term "energy." (The assumption was that because the articles were in STS journals, they would have some connection with an STS perspective.) Again, the search was limited to the years 2009 through mid-2019, and it focused on journals where there is social science research in the STS field, rather than on the broader STS space.
One might argue that the history and philosophy of science and technology, along with their journals, should be included in our review, but we treat them as separate fields from the STS social science research field within the broader STS space. (See the Introduction section, where we distinguish the STS space from the STS field.) The decision to demarcate the STS social science field in this way has several justifications. First, the focus of this study is on the nexus of STS and energy social science, not on the history or philosophy of energy; hence, it is reasonable to limit this part of the search to the STS journals where social science research is published. Second, research in the related fields of the history and philosophy of science and technology is often not treated as a part of the core STS community, given that it is published in its own non-STS journals (e.g., Isis or Technology and Culture), is organized with its own professional associations and meetings, and often has different graduate programs from the STS programs. Thus, there is an institutional justification for treating research in history and philosophy as separate fields that are connected to, but nonetheless distinct from, the STS field. Third, the first set of general searches in Scopus captured STS-relevant studies in both the STS space and in other related social science fields; thus, there was a mechanism for capturing the most relevant articles in non-social science STS fields. Fourth and lastly, historians and philosophers who wish to engage social science will publish in the STS journals and/or interdisciplinary energy journals such as ERSS, meaning that our systematic review captured some of their output.
Based on these demarcation criteria, the search for the STS portion of the data set included the following journals: (There were no differences in types of frameworks, but most of the policy papers were not relevant because they used frameworks from fields other than STS.)
Searches in the STS journals were conducted in Scopus except for Engaging Science, Technology, and Society, which was not indexed in Scopus and was examined through the web site. Additional searches were conducted inside the journal publisher's search engine using the full text of articles to check on the results, and these searches indicated that the searches in Scopus were capturing the most relevant publications. This set of searches resulted in 138 candidate publications. When combined with the first set of searches, a total of 262 publications were selected for the first phase of reviewing.
In summary, the goal was to gain a broad, inclusive sample of research at the intersections of STS and energy social science. The review is not an attempt to include all publications related to STS and energy, an effort that would exceed the confines of a single review article.
Selection of articles
Stage 2 of the analysis began after the completion of the data set ended. In stage 2, the analysis shifted from the "candidate" publications as defined above (Stage 1) to the subset of "relevant publications" based on reading the abstracts, keywords, and titles of the candidate articles. (See Table 2 .) The main criterion for moving a publication to the second stage was a significant engagement with one or more STS concepts. Many articles mentioned an STS concept or conceptual framework but did so only in passing, and the main framework was from another field. The range of "non-STS" perspectives is large, and sometimes there are overlaps. Non-STS perspectives in the general energy social science field that appeared in the data set were mostly from the following fields: policy studies, behavioral and social psychology, education, and general sociology. Research on sociotechnical transitions has some overlaps with STS, especially at the early stages of its development [56] [57] [58] . Furthermore, within transition studies the multilevel perspective synthesized STS and innovation studies to explain how sociotechnical systems change [59, 60] . However, because this area of research developed into its own field and came to focus on the problem of sustainability transitions, it was not included as an STS perspective. In another group of articles that was not included, the research was descriptive and without significant theoretical engagement (mostly history). For edited book volumes, only the introductory essay was reviewed. This second stage of the analysis resulted in 146 articles deemed relevant enough for more careful consideration. Stage 3 involved a selection from the relevant articles for the final set of articles that were included in the review. The lead author reviewed the introduction, literature review, and conclusion of each article for possible inclusion in the final review (Section 4 below). Articles were included in the final review if they met one or more of the following criteria: significant engagement with the STS literature with an energy focus, a novel perspective on the literature, and the use of empirical material to support a novel perspective on the literature. Articles were not included in the final review if they made passing reference to the STS literature or concepts; if their topical focus was only tangentially related to energy; if they used an STS-related concept to orient a largely descriptive project, but the description was not used to develop or elaborate the concept; or if they were programmatic or editorial statements. This process of selection from the relevant articles resulted in 68 publications, which formed the basis of the review for Section 4 with some additions from bibliographic references. The number of included articles is consistent with that of other reviews in the energy studies field, which have N's between 42 and 100 (e.g., [61] [62] [63] ).Again, the goal was not to create a comprehensive catalog of all uses of STSrelated concepts in all research on energy but instead to develop a more analytical overview of the different types of perspectives that are appearing at the intersections of STS and energy social science.
Analytic strategy
At Stage 2, the lead author coded the publications, with each one categorized as representing one or more STS perspectives. The method for coding the articles was similar to grounded theory, but as corrected by constructivist critiques that recognize the theory-ladenness of observations [30, 64] . To be more specific, the coding did not assume that the categories would come only from the "data." Rather, coding began with "emic" theoretical categories associated with STS as they appear in the publications, that is, terms that the authors used such as "counterexpertise," "large technological systems," or "technoscientific imaginaries." But coding also drew on the definitions of STS and the use of core concepts in the STS literature, including discussions in handbooks and overviews, as discussed in Section 2. For example, categories such as "windows of opportunity" or "technological innovation systems" were recognized as belonging to the policy literature and innovation literature respectively, and a publication that was mainly framed in terms of such concepts was excluded from the review unless it also used more recognizably STS perspectives. An iterative process of three rounds of coding akin to grounded theory led to a final set of categories that became the main structure of the review. Some articles were coded as having more than one STS-related perspective. The coding process resulted in several categories with only 1 or 2 articles and one category with many articles (public engagement). Categories with a small number of articles (too small to form a section of the review) were grouped into larger categories. (See Table 3 ).
This iterative process resulted in four groups of categories of STS perspectives. First, all culturally related approaches were placed in one group. Work on imaginaries was main the type of cultural perspective, but the group "cultural approaches" also included a smaller number of other studies that used similar concepts such as fantasies and expectations. Second, policy-related approaches were grouped together into two subgroups: studies of risk and standards informed by the social construction perspective, and actor-network and performativity perspectives that focused on policy issues. (Actor-network perspectives were also included in the study of users.) Third, the public engagement group was large and was divided into two subgroups: public participation and public mobilization. Fourth, a general category of sociotechnical systems and users was developed. The first subgroup included general work that made reference to sociotechnical systems or perspectives, and the second subgroup was research on sociotechnical systems with respect to users and practices. A few remaining articles were classified into a residual category that was not used; these articles included work in the history and rhetoric of energy research.
If more than one perspective was identified, the count for each perspective in Table 3 was increased. Thus, the number of perspectives in Table 3 is slightly greater than the number of relevant articles. Percentages do not necessarily sum to 100 because of whole-number rounding. These four areas were also used to select and group the historical overview of different areas of STS perspectives from 1990 to the present in Section 2.
A few clarifications may be helpful. First, the term "coproduction" appeared in some articles, but it was used to refer to a general orientation that involved attention to both technical and social orders [65, 66] . Because the term was used in combination with some other perspective, such as the social construction of standards or imaginaries, it was not included in Table 2 as a separate category. Second, the public participation literature is large, but much of it does not include active engagement with STS perspectives and was not included. Third, as indicated above, actor-network approaches appeared with various topical applications and were discussed in the section on policy and the section on users and practices.
Finally, the category "sociotechnical systems" was used to cover a range of general analyses including the social construction of technology, large technological systems, actor-network approaches to users in sociotechnical systems, and the politics of design. This group also included research on sustainability transitions (such as the multilevel perspective); however, those articles were only included if they had significant engagement with an STS perspective in addition to a transition studies framework such as the multilevel perspective or technological innovation systems.
Results: discourse, policy, publics, and sociotechnical systems in STS energy scholarship
As described above, this section categorizes STS perspectives at the intersections of energy-related STS research and STS-influenced energy social science research in four main groups: (1) imaginaries and other cultural approaches, (2) STS and policy (risk, standards, and performativity), (3) public engagement and mobilized publics, and (4) sociotechnical systems and users. Table 4 offers an overview of these four dimensions of scholarship as well as examples of concepts and perspectives within these four broad categories (Again, note that actornetwork perspectives appear in thematic areas other than policy, including users and practices.).
Imaginaries and other cultural approaches
By the 1990s, STS research had developed to include various studies of the cultural assumptions and meanings of science and technology, including feminist and postcolonial studies of technology [28, 29, 38, 40, 67] . This work also introduced into STS the longstanding idea in anthropology that symbolic and material orders were co-constituted or co-constructed [39] . A wide range of cultural methods was developed, including the analysis of cultural systems, codes, habitus, discourse, practices, and logics. Of particular relevance for energy studies is work on technoscientific imaginaries, which are collective assumptions and representations that facilitate, envision, or contest a sociotechnical order [68, 69] .
Current research at the intersections of STS and energy social science uses a variety of terms to describe collective representations of sociotechnical futures, including anticipation, visions, fantasies, expectations, and imaginaries [70] [71] [72] [73] [74] . In this data set, the term "imaginaries" was used most frequently. Jasanoff and Kim originally defined sociotechnical imaginaries as "collectively imagined forms of social life and social order reflected in the design and fulfillment of nation-specific and/or technological projects" [75] (p. 120). They described different features of sociotechnical imaginaries to facilitate comparison, including the framing of risks, policy, controversies, and civic epistemologies. The latter term refers to the forms of public knowledge-making and argumentation [76] . Longhurst and Chilvers added that imaginaries or sociotechnical visions can be analyzed into four constituent units that can be used to guide comparison: normative framings and meanings, epistemic orders, sociomaterial collectives, and forms of governance and social organization [77] .
One approach to imaginaries has been to develop comparative analyses of national imaginaries associated with official government policies related to science and technology such as nuclear energy development [75, 78] . Research on national imaginaries tends to examine them historically, and Foucauldian approaches have appeared [79] . This approach to imaginaries can also show how they contribute to the stabilization of an existing sociotechnical regime. For example, in a study of the nationalist, "high modernist" imaginary in Taiwan, Yang and colleagues showed how narratives involving short-term electricity scarcity and limited operating reserves helped to maintain the electricity regime and to prevent the integration of alternatives that included renewable energy [80] .
One commentary on the use of imaginaries suggested several methodological cautions especially for the study of single national imaginaries [81] . Because the state is always divided (by parties, spatial scale, branches of government, etc.), it is capable of generating multiple imaginaries that can be in conflict with each other. Moreover, mobilized publics in the form of civil society organizations, communities, emerging industries, and social movements also develop diverse alternative imaginaries of sociotechnical futures, some of which may be aligned with official state imaginaries and some of which may not. Hence, there is potential to develop analyses of competing and contested imaginaries. This approach resists treating imaginaries only as semiotic codes or cultural systems and instead embeds them in social fields that connect collective representations with the strategies of collective and individual actors. Consistent with these methodological cautions and revisions of definition, the literature on imaginaries has shifted attention from official, state imaginaries to those produced by non-state actors. In the introduction to an edited volume on imaginaries, Jasanoff recognized that imaginaries "can be articulated and propagated by other organized groups, such as corporations, social movements, and professional societies" [71] (p. 4). For example, Kim developed an analysis of imaginaries associated with social movements that contested the official imaginaries in South Korea [82] . Likewise, studies of contested development in the global South explored the official imaginaries oriented toward development, electrification, and industrialization goals, but they also examined alternative imaginaries more appropriate to lowincome residents of rural communities [83, 84] . With a similar approach, an analysis of contested imaginaries in the uranium and coal extraction industries showed how workers drew attention to the value of blue-collar work and community economic well-being [85] . Although these imaginaries did not circulate in the national policy fields, they nevertheless contested the national imaginaries at the local level.
Zilliox and Smith further developed the study of imaginaries by showing how different social groups can articulate competing imaginaries within a specified political field [86] . Focusing on the politics of natural-gas fracturing technologies in the U.S. State of Colorado, they described the imaginaries of three mobilized publics, two of which opposed and one of which supported the local deployment of naturalgas fracturing technologies, and the official imaginary of the local government, which drew on scientific expertise to narrow the terms of public engagement while also constructing fracking activists as unruly. Thus, the authors developed a dynamic perspective on multiple imaginaries that linked them to actors in a contested field.
Some researchers have also examined imaginaries or related concepts from the perspective of the strategies of actors [87, 88] . With respect to wind energy in South Korea, a successful approach to gaining community acceptance involved developing a carefully framed imaginary of a beneficial future that was combined with the practical demand for local ownership of energy generation [89] . In another analysis, multiple and convergent future-oriented "fantasies" were used to defend a future that includes small, modular nuclear reactors while also ignoring public concern with risk [73]. Moreover, by breaking down the fantasies about modular nuclear energy into constituent units, the fantasies helped to unite diverse constituencies. Levidow and Papaioannou also drew attention to the strategic use and implications of expectations, or representations of future technological situations that guide technological and economic activities, including public and private investment [72] . When actors receive investments and approval, expectations can become obligations of delivery. In a study of UK bioenergy policy, they showed that expectations for future bioenergy technologies enabled industry actors to gain support but also contributed to the lock-in of the fossil-fuel based energy regime.
In summary, work on imaginaries and related concepts has shifted away from the analysis of the stable, official sociotechnical imaginary of a national government to fields of contested imaginaries and the strategic use of imaginaries or similar symbolic constructions. When the analysis of imaginaries is connected with the strategic action of actors in a social field, a convergence emerges between the study of sociotechnical imaginaries and research in energy studies on framing strategies and discourse coalitions [90, 91] . Nevertheless, the sociotechnical perspective does help to bring to attention a slightly different aspect of the study of symbolic representations in energy social science research. Whereas work on frames and storylines may tend to make reference to broad social values such as fairness, consumer benefit, and democratic process, work in the STS tradition also shows how symbolic representations can focus on the future of technological systems, thus bringing a more material perspective to this mode of analysis in energy research. This work also reveals design conflicts over technological systems and connects with the "politics of design" perspective discussed below.
Sociotechnical dimensions of policy
This section and Section 4.3 are the two more policy-focused sections. This section has two subsections that review policy-oriented research where STS perspectives are particularly salient in energy social science. The first subsection covers the social construction of risks and standards, that is, how their definitions, design, and implementation mutually constitute political organizations and processes. The second subsection covers actor-network and performativity perspectives on policy.
Risk and standards
As indicated in Section 2, during the 1990s, STS researchers became interested in the social construction of risk (a quantifiable unknown) and uncertainty (a known unknown but less predictable and measurable) [92, 93] . Work on risk also included differences between expert and public understandings (e.g., [50] ). STS researchers also turned their attention to the construction, maintenance, contestation, and interpretive flexibility of standards, understood as rules that establish uniformities across space and time [41, 94] .
In contemporary research involving STS perspectives on risk and energy, one example in this data set is Fujigaki's work on nuclear energy in Japan [95] . This work showed how a government report on nuclear energy in Japan predicted that with power loss, a meltdown could occur, and the predicted sequence of events and timing was a close match to the events at Fukushima. However, because the event received a low probability rating, the experts' conceptualization of risk did not lead the government to require contingency plans, a decision that also saved money in the short term. The estimate of low risk was due partly to the lack of integration of nuclear engineering risk assessment with risk-related research on tsunamis and earthquakes. But the conceptualization of risk also failed to take into account the severe societal implications of a rare event; hence, it underestimated the magnitude of harm. In this analysis, Fujigaki used Beck's distinction between scientific rationality (expert knowledge) and social rationality (public perspectives on what needs to be protected) to discuss not only how expert and public understandings of risk are different but also how they have different policy implications for disaster prevention policy [92, 95] .
The gap between expert and public understandings of risk occurs in both the predictive construction of future risk and in the communication of risk after a disaster. In the wake of the Fukushima disaster in Japan, the public wanted "impartial, nonpartisan, and broad information," whereas expert professionals provided "decisive action guidelines and limited, absolute information" [95] (p. 17). The gap led to a breakdown in trust and credibility, and the attempts by government officials to reassure residents rang hollow. The official constructions of risk failed to connect with the everyday risks that people encountered, especially in exposed areas. A gap emerged between the scientific risk assessments, which scientists admitted were incomplete, and public understandings of uncertainty and indeterminacy.
Other work in energy studies has examined public perceptions of risk associated with ongoing exposure to risk from pollution, especially for controversies over extractive technologies such as hydraulic fracturing. Some work uses survey data to examine the causes of variation in public perceptions of risk [96, 97] . This research is not particularly connected with STS perspectives, but it has shown how political ideology, geographical location, and other social factors affect public understandings of risk. Research more connected with STS perspectives has identified the absences of knowledge that would enable the public to assess risk and uncertainties. For example, the politically generated and strategic use of ignorance is caused by government policies and industry practices that restrict disclosure, and in some cases communities and civil society organizations have mobilized to redefine disclosure rules and policies, which in turn affect the capacity to define and assess risk [98] .
Another line of risk-related research involves attempts to improve risk governance by integrating societal perspectives with technical analyses of risk [99] . For example, one approach recognized the complexity of governing the large technological systems associated with energy and proposed polycentric governance mechanisms that bridge scale and engage multiple stakeholders [100] . Potentially these improvements could include the integration of citizen science into risk governance processes. For example, the development of citizen science helped to bridge some of the gap between official and public perceptions of risk in Fukushima [101] . However, for women citizen scientists in Fukushima, the use of citizen science also tended to preclude activism, which was viewed as a more masculine form of engagement with the problem [102] .
The development of technological standards can be one response to risk, and thus the study of risk and standards overlaps to some degree. Although perceptions of risk can be addressed in many ways, and standards can also emerge from many causes, there is an intersection when governments and private-sector organizations such as trade associations develop standards and guidelines to address perceived risk along with other goals. There were only a few studies in the data set that took standards as the main topic of analysis and that adopted an STS perspective.
One general approach to research on standards examines the processes of social negotiation involved in establishing standards. For example, one study drew attention to the coproduction of standards and administrative structures in which they were embedded [103] . In this case, civil society organizations mobilized to contest standard-setting processes in Europe for biofuels, and they produced new knowledge to support their claims. In response, the European Union modified the process for setting standards by including changes in the epistemic jurisdiction of organizations that were involved in the standard-setting process. For example, the changes included outsourcing some of the more controversial decision points, a decision that simultaneously shaped the standards themselves and their governance processes. Another approach to the social negotiation of standards drew attention to the process of scientization in standard-setting, that is, the limitation of policy discussions to a small range of technical issues [104] . By focusing biofuels standards on greenhouse-gas accounting, the standards were constructed to preclude other issues that civil society organizations had raised.
The obverse side of the analysis of standards involves the constructive processes that occur in implementation. In a comparative analysis across countries, Kester and colleagues showed substantial variation in the adoption of standards, including strategic selectivity in China, aggressive compliance in Europe, and fragmented adoption in the U.S. [105] . At the microlevel, users and professionals also modify and selectively implement standards [106] . From this perspective, standards are scripts that actors perform that are subject to interpretive flexibility and domestication. For example, studies of the implementation of building standards or codes found that actors engage in practices that are aligned with the code, but they also modify it, appropriate it to keep in place existing relationships, or reconfigure their existing relations with each other and technology [106, 107] .
In summary, although energy policy research makes reference to the concepts of risk and standards, an STS perspective helps to take these concepts out of the black box of official definitions. Instead, it shows how risk and standards are developed through processes of social negotiation that create formal and translocal definitions to guide policy and practices. In other words, it brings attention to the processes by which risk and standards are made, maintained, legitimated, and changed, and how the processes coincide with changes in organizational and social arrangements. The research also shows how the processes tend to marginalize the goals of less powerful social groups, especially those of civil society and mobilized publics. Moreover, the research also draws attention to practices that reinterpret risk based on citizen science or that reshape standards through implementation.
Thus, the construction of risk and standards occurs both in the phase of establishing them and in the implementation processes.
Actor-networks, performativity and policy
Actor-network theory and performativity theory are relevant to multiple areas of energy-related research, and some work that uses actor-network theory is included in Section 4.4 as well. One application of this approach at the intersections of STS and energy social science has been in policy-relevant work. Some of the studies in the data set adopted an actor-network perspective on policy issues by viewing energy policy implementation as a heterogeneous network of human and non-human actors. For example, a study of the U.K. policy that guided the development of an experimental wave-energy facility argued that policy was not an external context to the energy project; instead, both the policy system and the energy projects were mutually constituted or coconstructed heterogeneous networks [108] . Likewise, a study of the "rearrangement" of the heterogeneous network of solar manufacturing that was imported into Taiwan showed how government "translators" were as central to the network's development as were engineers and technicians [109] . These approaches contribute to sociotechnical thinking by viewing policy and technological systems as interconnected and mutually constituted networks rather than as a relationship between an exogenous rule-setting organization and a technological system or industry.
Performativity theory extends the actor-network perspective by including the models and concepts of economics in the heterogeneous systems. Work on performativity, economics, and policy draws attention to the idea that economics does not just describe the world as a social science but also can be used to configure social practices and technological systems in its image by establishing frames for calculative agencies that correspond with economic models [44, 110] . Another way of describing this perspective is that it argues that economics "not only describes but also participates in performing and hence actually changing the economy and the society more widely" [111] (p. 6). The performative power of economics lies in the embedding of calculative practices in assemblages or networks. In line with the actor-network studies just described, the performativity of economics is co-constructed with government programs and powers. This process establishes frames that define and circumscribe action so that the systems operate in ways consistent with economic models.
Like the critiques of the neoclassical rational-actor models by economic sociologists and institutional theorists, research from this perspective recognizes how the frames of economic models and calculative practices encounter limits in practice. Because economic frames and calculative practices are not capable of covering the complexity of the world that they describe and translate, and because some actors contest attempts to define a sociotechnical network or assemblage according to a specified set of rationalized practices, "overflowing" results [112] . To some degree, this problem is recognized in economic theory as the problem of externalities, but performativity theory views externalities as one example of a broader category.
Strategies for managing the overflowing of economic frames include reframing and modifications in the material dimensions of the assemblage. For example, in a study of regulatory decisions for energy infrastructure in the UK, overflowing was managed through the use of "statements of common ground," which included participation from environmental organizations and contributed to the capacity of regulatory agencies to make better decisions [113] . In a study of feed-in tariffs in France, overflowing occurred as the problem of unpredicted growth in distributed energy, and it was addressed by a series of policy changes and successive shifts in the assemblages [114] .
The concept of overflowing enables a performativity framework to include political conflict. For example, a study of a proposal for siting a wind farm in France showed that although the planning process involved extensive community participation and offered clear economic benefits to the area, the carefully constructed frames overflowed because the townspeople came to view the farm as conflicting with their economic development goal of developing the area as a site for historic tourism [115] . But the economic framing of political conflict can also limit and channel (or scientize) political conflict. In another case, the frames of economics channeled political conflict over energy policy in Chile by forcing the mobilized publics to "economize" their equity claims by translating them into the dominant economic frames [116] . Likewise, in Finland, political conflict over a proposal to shift a district heating source from oil to wood biomass also took place within the scientized frames of economics, but different groups invoked and supported different types of calculative practices [117] . In a study of a capacity market for electricity in the U.S. (a requirement for load-serving entities to purchase access to reserve capacity), Breslau agreed that the construction of the market involved a set of calculative practices consistent with the performativity perspective on economic models [118] . However, when the generation companies and system operator gained federal government approval for a change in the demand curve that provided an economic transfer of payments from consumers to generation companies, the consumer-facing companies mounted an opposition campaign, but they did so within the frame of the constructed demand curve and market. In all of these cases, the performativity aspects of economics were less to create calculative agents and practices and more to create a frame that limited or scientized conflict.
In summary, although economic research is certainly an important part of energy social science, STS perspectives shift attention from merely applying economic theory to the description and explanation of research problems. Instead, the performativity perspective, like the analysis of risk in the previous section, draws attention to processes of sociotechnical construction. In this case, the sociotechnical perspective shows how economics can also be a set of models that come to life through calculative agencies in heterogeneous assemblages that frame decision-making and, at a second order, create processes through which political conflict is channeled and translated. One might argue that the frameworks of policy studies and economic sociology already provide adequate ways of explaining similar dimensions of policy conflict (e.g., in research informed by the concepts of neoliberalism and scientization), but some researchers have found that the frameworks of actornetwork theory and performativity provide additional insights. Specifically, the actor-network and performativity perspectives contribute to awareness of how policies that implement economic models and practices also construct a particular type of agency and, to an extent, become self-fulfilling. This agency is created through the co-construction of government policy networks and those of sociotechnical systems or assemblages. Moreover, the performativity approach also draws attention to the problem that, like the sorcerer's apprentice who conjures the brooms to life in order to haul the water, the frames of the world that the models conjure into being tend to "overflow" with the unexpected.
Public and citizen engagement
During the 1990s, STS researchers developed critical analyses of expert constructions of lay knowledge and the deficit model of the public understanding of science. They examined the inverse problem of how the public constructs trust in experts, and they suggested the potential for more robust knowledge and policy when non-expert perspectives are included in technological design and disaster remediation [50] . Subsequent research on publics became connected with the burgeoning practices of public participation, and a research field developed on the effectiveness and shortcomings of these processes [119, 120] . Another approach to science, technology, and publics focused on mobilized publics, which range from civil society advocacy organizations and community groups to social movements. These mobilizations contributed to the development of new epistemic forms such as popular epidemiology, participatory research, and citizen science; identified areas of undone science; articulated "counter-public" visions of the public good in contrast with official visions; recruited scientists and other professionals to provide counter-expertise; and contributed to the development of new forms of technology [48, 49, [121] [122] [123] [124] . This section reviews the policy-relevant research on publics with two subsections: public participation and mobilized publics.
Public participation
STS perspectives on public participation focus on the processes by which different aspects of participation are defined or constructed, including the policy issues, the agents or persons invited to participate, the procedures, and the public [125] . Although the growth of participation processes can be viewed favorably as a mechanism for enhancing democratic engagement in the governance of technology, the processes often fall short of promises and can serve to legitimate decisions made elsewhere. Much of the STS-related research on public participation has analyzed the assumptions of the standard models of participation and the implications for participation processes, but some of this work has also examined how publics are constructed through these processes.
STS-oriented research in this area is heavily influenced by work during the 1990s on the shortcomings of the deficit model of the public understanding of science, which refers to the way that experts and policymakers view the public as lacking in scientific knowledge [50] . Other shortcomings that the literature identified include the decideannounce-defend model of communication to the public, the location of engagement downstream in the planning process after decisions have been made, the limited scope of who is invited to public consultation exercises and what can be discussed, and the generally weak connections between outcomes of consultations and policy decisions [126] [127] [128] . Researchers also found that even where improvements are made, they often are superficial. For example, a study of wind farm consultation processes in Australia found that although there were improvements to the consultation processes in response to criticisms, the processes still precluded significant community involvement and empowerment [129] .
In addition to contributing to the literature on the shortcomings of participation processes, STS-informed research also shows how government-managed participation processes constitute or construct the public rather than discover a pre-existing public [119] . One example of how this perspective translates into empirical research is the study of the varieties of publics that are constituted through participation processes. For example, in a cross-sectional study based on 238 cases of public participation in the UK, Chilvers and colleagues found that the most widespread understanding of the public was as a "mass to be consulted," which appeared in 119 of the cases, followed by the public as consumers in 82 of the cases [130] (p. 204). However, they also found some evidence of constructions of the public as "active, creative, innovative, resourceful, and knowledgeable," including mobilized publics [130] (p. 205). Another study adopted a historical approach to official constructions of the public and used the concept of imaginaries to explore how government representations of the public have changed over time in the UK [131] .
Related research has examined how industrial actors construct the public. For example, a study of renewable energy companies and their engagement strategies for siting found that the primary understanding of the public was as uninformed but concerned, a view that led to engagement strategies based on exhibitions rather than public meetings [127] . A study of British utilities found that because the utilities tend to view the regulatory agency as the representative of the public, they do not see a need to have other, more direct forms of engagement or the need to redefine customers in broader terms [128] . Regulatory requirements that restrict how utilities can engage the customer also facilitate the narrowing of the public to the customer. Researchers have noted that the concept of "energy citizenship" can provide an alternative way for government and industry to conceptualize the public that departs from framings of the public as consumers or as self-interested Not-In-My-Backyard (NIMBY) opponents [132, 133] .
A third approach to the construction of the public is work on energy researchers' definitions of the public and corresponding engagement strategies. For example, a study of bioenergy experts was the basis for a comprehensive grid of expert conceptualizations of imagined publics based on axes of active/passive publics and accepting/resisting publics [134] . Studies of energy scientists have also shown how they have a range of positions with respect to how to engage the public, from nonengagement and outsourcing engagement to upstream engagement and participatory knowledge production [135] [136] . Thus, this area of public participation research explores how different definitions of the public are associated with different forms of expert engagement.
The public engagement literature has also examined critically the techniques or technologies of public participation, and it has developed experiments with alternative designs [119] . A few examples that involve energy provide a sense of the potential and variety. One approach is to think about the point where the engagement is located in the cycle of technology development. There is some hope that anticipatory or upstream engagement may be more effective because it provides public input before a new technology has become stabilized or before a government or industry planning process has solidified [128, 137] . Another approach is distributed participation, in which a dialog is organized by a central group but run online and in multiple sites by a network of organizations [138] . This approach can increase the scale of participation to include thousands of people from geographically dispersed areas and thus open up the public perspectives to emergent properties that result in political engagement and opinion change. A third approach is the landscape symposium, which enables residents to discuss affective dimensions of their valuation of local landscapes in a more open forum than a formally controlled consultation process [139] . This approach can reveal differences in preferences across communities, such as for the acceptable scale of wind farms and the relationship between acceptability and current land use. A fourth approach is to have social scientists embedded in government positions, where they can provide a "challenge function" that helps to bring more sophisticated understandings of the public into government consultation programs [140] .
In summary, STS perspectives in the public participation literature tend to depart from the broader literature on public participation by examining how participatory and consultative processes construct publics rather than merely represent them. Just as the previous sections show how an STS perspective problematizes risk and economic models by examining processes of coconstruction with sociomaterial orders, STS perspectives on publics question underlying assumptions about definitions of participation, publics, and democracy. These perspectives examine how different types of publics are constructed through different participation processes, and they have developed some concrete exemplars of alternative designs for participation processes. Again, taken-for-granted concepts, such as "the public" or "public participation," are shown to be actively made through social processes. The insights from such an approach can help to inform the practice of public engagement by leading to alternative approaches to the design of engagement and participation.
Mobilized publics
A second approach to public engagement is the study of mobilized publics. This work builds on STS research on social movements and mobilized publics during the 1990s and early 2000s [48, 49, [122] [123] [124] 141] . Subsequent research on energy and mobilized publics developed some new directions, such as the construction of mobilized publics, STS-informed rethinking of concepts in social movement theory, the role of counter-expertise in public mobilizations, and citizen science.
Consistent with the "construction of the public" perspective in the previous section, one approach focuses on the construction of mobilized publics. For example, research on opposition to off-shore wind energy on the island of Samsø, which is Denmark's renowned renewable energy island, showed that the official construction of local opposition as selfinterested and insular NIMBYism precluded the potential for a more democratic politics of technology [142] . The limited approach to defining public opposition constricted potential outcomes to withdrawal of the project or to enforced implementation of the project over community objections. Rather than the view local opposition as self-interested NIMBYism, Papazu pointed to the opportunity to construct public opposition as a call for a more collaborative approach consistent with the island's history of successful onshore wind technology development.
Another approach to mobilized publics with an STS perspective involves interrogating how concepts in social movement studies might be altered as part of the engagement with STS. For example, a review of anti-dam movements in Brazil argued that the concept of an opportunity structure for social movements (the idea of how open or closed a government is to the claims of movements) needs to be broadened to include an epistemic dimension [143] . An important aspect of the epistemic dimension is the role of counter-expertise in scientized policy decision-making venues. As with other social movements and other mobilized publics, the anti-dam movements in Brazil cultivated both scientific and legal counter-expertise, especially when they were engaged in highly scientized venues such as environmental impact assessment processes. Likewise, a study of public comments on federal government policy for hydraulic fracturing in the U.S. brought the concept of boundary objects into the study of social movements and policy. This study showed how both industry and advocacy groups referenced government expertise and research even though the opposing actors had different interpretations of its implications [144] .
In the articles reviewed, the analysis of counter-expertise was the main type of STS perspective on mobilized publics and energy. In some cases, scientists have been leaders of industrial opposition movements, such as their role in nuclear industry politics in Japan [145] . However, movements also recruit scientists to provide support, especially when movements are engaged in policy venues that require significant technical knowledge, and scientists can help movements to develop civic epistemologies to contest the official narratives of expertise [146] .
One approach to the study of counter-expertise and mobilized publics has explored unforeseen consequences that occur when public participation is structured by scientized decision-making venues. For example, Anshelm and Galis showed how the anti-nuclear movement in Norway used support from counter-experts to draw attention to the lack of a solution to nuclear storage [147] . These criticisms nudged the state and industry to develop plans and technologies for nuclear waste storage and to develop a consultative process for nuclear siting. As plans developed for storage, the movement's counter-experts criticized the scientific dimensions of proposed plans, but they also criticized the industry's decision to proceed with nuclear waste storage based only on local political acceptance rather than on geological and other technical criteria. Thus, the reliance on counter-expertise, while successful at first, also led the movement to become caught up in the scientized web of scientific and technical arguments rather than maintaining its attention to broader political questions of the ultimate type of energy that was appropriate for the country. Paradoxically, doing so helped the nuclear industry to develop a global model of nuclear energy storage, and it may have helped the industry to achieve an outcome opposite to that originally desired by the movement.
Another approach to counter-expertise suggests that the emphasis of mobilized publics on cultivating and generating counter-expertise may be appropriate for liberal democracies in wealthy countries, but it may be less applicable to illiberal democracies and less wealthy countries. For example, Amir showed how the anti-nuclear movement in Indonesia focused on very general aspects of risk and uncertainty that drew attention to the limits of technical assurances of safety rather than getting caught up in highly scientized debates over nuclear energy safety [146] . These concerns included uncertainty arising from the lack of competence of the government to ensure safety standards and uncertainty based on unknowns about the frequency and effects of earthquakes and tsunamis, which are common in this seismically active area of the world. Likewise, in India scientists who spoke out against nuclear energy faced suppression, and when activists shifted to a litigation strategy, it also failed [148] . These failures led activists into a citizen science strategy, but not to develop scientific knowledge about risk and exposure. Instead, they tracked available information to detect instances of corruption in the nuclear establishment. Thus, although knowledge is still important for the mobilized publics in this case, it was different from scientific knowledge and closer to investigative journalism.
A third approach to counter-expertise focuses on how mobilized publics have generated their own research to address needs that they identify as undone science. A growing literature has emerged on citizen science, some of which covers energy and extractive technological systems [149, 150] . One area of citizen science research focuses on community-based lay research and the creation of web portals with crowd-sourced databases [151, 152] . In the process of developing these transparency projects, the citizen groups have helped to spur the government into releasing more information [98] . In some cases, STS researchers have also become involved in helping the communities to design citizen-based research projects, such as using a low-technology approach to monitoring chronic exposure from air pollution from oil and gas wells [153] .
In summary, similar to work on public engagement processes, research on mobilized publics has begun with the question of how the public is defined and constructed. It problematizes the public by questioning the analysis of the public that is limited to the individual, layperson or non-expert, an approach that tends to be the basis of participation and consultation processes. Instead, the mobilized publics perspective draws attention to actors who actively shape public opinion and define a public interest on an issue. It also draws attention to the politics of scientized decision-making processes by generating research both on the use of counter-expertise by mobilized publics and on the limits of counter-expertise. Science in these fora is not envisioned as pure, dispassionate, or neutral; instead, science is entangled with politics, values, and an array of other social factors. This research also explores the role of "science at large" in political conflict over energy policy and energy futures, including the potential of diverse forms of citizen science and the development of alternative forms of knowledge (i.e., studies of corruption) anchored in local and lay perspectives.
Sociotechnical systems, practices, and users
STS researchers have argued that the perspective of sociotechnical systems helps to make visible aspects of energy that are hidden in other theoretical perspectives [154] .This section will review some of the ways that the sociotechnical systems perspective is found in the energy-related literature, including studies of the systems themselves and of the role of users and practices in the deployment and operation of the systems. We include users in this section because they are a crucial part of sociotechnical systems. They attribute new meanings to sociotechnical systems and artifacts, and they also redesign them in everyday practices. As in STS-informed research on risk and standards, researchers who study sociotechnical systems came to appreciate that the constructive processes occurred not only at the upstream end of design and innovation but also downstream in the use of technology and in the consumer interface. This approach led to an increasing approximation between the analysis of users and general theoretical work on practices, which also attracted the interest of STS researchers [155] . Practiceoriented approaches generally draw attention to the embodied, materially connected aspects of human social life that are based on shared understandings and skill.
Large technological systems and the politics of design
Three longstanding STS perspectives on sociotechnical systems-large technological systems, social construction of technology, and the politics of design-were evident in the data set but not widely used. These perspectives date back to STS work on technology during the 1980s, specifically Hughes on large technological systems, Bijker and Pinch on the social construction of technology, and Winner on the politics of design [9, 18, 35] .
Research on large technological systems-which Sovacool and colleagues described as sociotechnical, large, varied in form, and obdurate [156] -continued during the 1990s and expanded to include governance [52, 54, [157] [158] [159] . In this data set, an example of the large technological systems approach is work by Sovacool and colleagues, who extended and deepened the phase model of Hughes [9, 156] . They noted that the original model did not include mature technological systems, and they delineated three additional processes that occur with mature systems: reconfiguration, contestation, and decline. Another new direction in the analysis of large technological systems was attention to the changes in the systems that involve decentralization and differentiation, a process that is occurring in electricity, water, and other systems [160] . A study of nuclear energy policy in Japan also synthesized the large, technological systems perspective with the advocacy coalition framework of policy studies [161] .
In a study of natural gas pipelines as large technological systems, Sovacool drew on the related social construction of technology framework, specifically the concepts of relevant social groups and technological frames (the motivations and values of different groups). In this study, he explained why one large pipeline project proceeded quickly and another failed [162] . Despite interpretive flexibility in the sense that actors attributed different meanings and implications to proposed pipeline projects, in the successful case the relevant social groups developed an alignment of technological frames, whereas they failed to do so in the unsuccessful case.
Another STS perspective on sociotechnical systems is the politics of design, which examines the political and societal implications of design choices and differences. One approach is through work on mobilized publics that point to alternative ways of designing energy systems that are less prejudicial to workers, communities, and environments [163, 164] . Another example of the politics of design is research that links different policy options for renewable energy and energy efficiency to political ideology, thus showing how attention to the design of energy systems can open or close political support from potential opponents such as conservative political party members. For example, energy-efficiency programs for government buildings can be less controversial politically with conservatives, who decry government spending, than subsidies for solar energy [165] . A third example is found in the above-mentioned study of anti-dam movements, which maps a range of "design conflicts" or definitional struggles over the technological systems and their governance [143] . Describing a layering of the politics of design, the analysis began with object conflicts (a subset of design conflicts focused on material design) involving the technical design of dams and the "to build or not to build" question. The study then discussed a broader range of conflicts involving the design of the governance of the systems, of remediation programs, and of the country's energy system. This approach suggested a nested, scalar approach to the politics of design that included both technological systems and governance processes.
There is also some innovative work that brings together the analysis of the politics of design perspective with research on imaginaries. In a study of imaginaries for the niche of bioenergy in the U.S. Northeast, Burnham and colleagues brought the analysis of imaginaries into conversation with both transition studies and the analysis of object conflicts [166] . They distinguished two innovation niches and associated imaginaries: a "community energy" niche, which emphasized local ownership and consumption, and a "regional production niche," which emphasized larger-scale production for industrial uses. The imaginaries were associated with object conflicts over what constituted the local and the capacity of the niche to scale and have greater effects on the energy regime.
In summary, to some extent the sociotechnical perspectives in this section may be less novel in energy social science research because they have already been incorporated into research in the sustainability transitions field [167] . Also, because this group of STS perspectives often takes a sociotechnical system as the unit of analysis, they have been fruitfully applied to energy, transport, and related sectors. In other words, this area of STS research is an example of where STS perspectives have been thoroughly integrated into many energy social science studies. Nevertheless, there are also areas for additional contributions. For example, although policy studies in energy social science recognize how technological choices can be contested, the full range of the politics of design is not always explored. Moreover, relationships between multiple, competing LTSs-as they co-evolve, become layered, or clash with other systems-have been less studied, along with the deliberate destabilization of some undesirable LTSs (that is, how to intentionally stimulate their reconfiguration and decline).
Sociotechnical systems, users, and practices
In the energy and social science field, there is significant interest in users and practices, some of which is directly influenced by STS perspectives [168] . These perspectives draw attention to constructive processes, such as how users engage sociotechnical systems in pragmatic ways as active consumers who question, remake, and reinterpret the systems [169] . The approach suggests the need to attend to the agency of users, for example, their capacity to develop social networks that can share information that changes their interactions with sociotechnical systems [170] . Having a better understanding of the agency and creativity of users can be helpful to experts, advocates, and policymakers who hope to guide sociotechnical system development and transitions [171] .
Another approach to the agency of users is the analysis of local differences in how sociotechnical systems are configured. For example, a comparative analysis of the smart grid and users in Norwegian communities showed how the relationship is structured differently according to local needs, values, and understandings [172] . Moreover, the consumer interface of the smart grid shows how elements of a sociotechnical system can serve as boundary objects that provide sufficient interpretive flexibility to mediate between the worlds of households, government policy, and the utilities [173] .
Actor-network perspectives have also appeared in the literature on sociotechnical systems, users, and practices. From the actor-network perspective, energy systems orchestrate and enroll users in new practices but also generate challenges of complexity and overflowing that users actively engage and reduce [174, 175] . One primary implication of an actor-network perspective in the study of practices is that it questions the assumption of the user of sociotechnical systems as an adult, human consumer. For example, Strengers and colleagues suggest that the assumption of user-as-adult-consumer misses the role of children, babies, the unwell, guests, pets, pests, and indoor plants [176] . Not only does this perspective recognize the intentionality, influence, and/or agency of other actors, but it also reconceptualizes agency as an "agentic capacity" that is distributed across a network through practices rather than located only in an adult human endowed with goals and planning. This perspective enabled creative empirical research questions on the role of other dimensions of household energy consumption that might have been missed with non-sociotechnical perspectives.
Another approach to the reconceptualization of the user as adult consumer is research that studies users' practices outside the domestic setting. Users engage with the same or similar technologies, such as building energy systems, in different ways depending on whether they are home or in the workplace [177] . As employees, they may also be in the role of monitoring sociotechnical systems, and in this role they have obligations to report on the system and on other system interactions with other users. For example, in research on reporting practices in a nuclear reactor, Rossignol began with accepted, institutionalized forms of reporting into a system and then showed how there was a drift to informal but legitimate reporting [178] . Finally, there was a "drift from the drift," where employees negotiated over-reporting and non-reporting with respect to perceived effects on solidarity and perceived levels of risk.
In summary, STS perspectives on users provide a similar framework to that discussed previously for imaginaries, risk, economic models, participation, and publics: these perspectives inspect a taken-forgranted concept of the "user," "adopter," or "consumer" and examine how it is made and remade in practice and how the user is coconstituted with the sociotechnical system. Thus, researchers have increasing explored alternative definitions of users (e.g., citizen, worker producer, and intermediary) and ways in which users reconfigure technological systems. For example, some users of photovoltaic systems in the U.S. see their choices as connected with environmentalism, opposition to fossil-fuel subsidies, and support for energy decentralization [179] . In this way, users connect their practices with broader institutional and political meanings and develop a politics of system design. This work can also involve the concept of the imaginary to develop critical analyses of how sociotechnical systems link users to the imaginaries of consumer convenience and "smartness" [180] .
Discussion: opening the black box of sociotechnical matters
As indicated in the methods section, this structured review of STS perspectives in social science research on energy is based on a stratified sample of the literature (both STS and general energy social science publications) that has enabled the authors to develop a robust overview of the diversity of STS perspectives. We argue that there is no single STS perspective; rather, there are diverse perspectives that are linked together by a common STS sensibility that brings to light processes by which epistemic, social, and technological entities are made and are coconstituted with symbolic and environmental systems (see Fig. 3 ). More generally, STS perspectives share a sociotechnical perspective on the material dimensions of social life, which might otherwise be perceived as set apart or exogenous to the social.
As the circular arrows indicate in Fig. 3 , the review also indicates some overlap and convergences among the perspectives. For example, the study of imaginaries was originally oriented toward the future-oriented visions associated with the energy policies of national governments, but it has expanded to include the imaginaries that scientists, industrial leaders, and government officials have of the public; the imaginaries of communities and mobilized publics; the imaginaries of companies and governments that develop and market sociotechnical systems such as the smart grid; and even the imaginaries of users. The study of sociotechnical systems has become integrated increasingly with practices and users, and in turn the analysis of practices and users has connected with actor-networks, imaginaries, and publics. Likewise, as actor-network and performativity approaches have become applied to policy, they have come to incorporate the analysis of mobilized publics that often contest the frames of economic rationality that have been established to justify and stabilize sociotechnical arrangements. Thus, the review indicates not only the existence of diverse perspectives but also some examples of hybridization and opportunities for future synthesis.
Moreover, the sum becomes potentially more than its parts and also more than the points of connection and overlap among the perspectives. As noted in the introduction, STS perspectives pay attention to what other research fields may leave in the "black box" of the unexamined nexus of social and technical matters. From this doxa of the STS field, a wide range of topics and questions emerges. (See Fig. 4 .) For example, STS provides a sensibility that involves asking how sociotechnical matters are defined, constructed, maintained, and shaped; what the effects are on social arrangements, social structures, and indeed on the imbrications, agencements, coconstitution, mutual shaping, coconstruction, or coproduction of the social and technical orders; the ways in which the sociotechnical matters can become sites of questioning, reinterpretation, reconstruction, and contestation; and the deeper, reflexive sociological questions that ask what is in the black box and what is excluded from it [181, 182] .
This last question, "What's not in the box?" becomes more salient when one steps back from the overview of diverse STS perspectives. In addition to providing a map of and ways into the literature, a good review also provides an opportunity to ask some questions about the future direction of a research field, in the tradition of Sovacool's question: "What are we doing here?" [183] . With the goal of integration but also exploration in mind, the four thematic areas of discourse, policy, publics, and sociotechnical systems are not exhaustive. Although they reflect the dominant uses of STS work so far, they also provide a basis for the researchers to ponder new directions. For example, there is growing attention to interventionist approaches and participant-action research in STS, especially with respect to environmental justice, and likewise there is growing attention to energy justice and energy democracy in energy social science research. These approaches may become increasingly relevant in the energy-STS nexus as well.
Conclusion
As the nexus of research exploring the intersections of STS and energy social science continues to develop, opportunities emerge not only for the application of STS perspectives but also for their further refinement and development. STS can inform researchers who study energy topics, but research on energy can further challenge STS concepts, applications, and interpretations. In part, the opportunities transpire because there are differences of emphasis between the study of energy in the STS literature and in STS-informed research in the energy social science literature. For example, in STS, research on energy has tended to emphasize expertise, especially as found in research on publics and participation. This pattern makes a degree of sense because in the STS field there has long been a supplementary relationship between science and technology, where technology studies is the secondary field, and science and expertise receive more attention. In energy social science research, technology looms large; indeed, technology and its governance and practices are more central in energy social science. The differences in focus may provide opportunities for rethinking the science-technology relationship in the construction of energy-related research agendas in the STS field.
Specifically, it is valuable to view the attention to technology in energy social science research not merely as an indication that it is an applied field where STS concepts are used to serve policy-relevant work on energy problems. Rather, underlying much STS thinking is a way of thinking that applies equally to science and technology: attention to processes of coconstruction or the mutual shaping of social, material, and epistemic orders; an appreciation for self-reflection, deconstruction, and critique; a tolerance or even celebration of diversity; and a commitment to imagining a future world that is better than the one we currently have.
Furthermore, energy social science research that uses STS perspectives can also be a site for theoretical testing, refinement, development, and innovation. One model of the development of STS concepts occurs in sustainability transitions studies, where some of the most creative theoretical work on sociotechnical systems after the year 2000 has been accomplished [167] . The field has demonstrated the potential for hybridization and theoretical innovation between STS and the innovation studies literature, and currently there is also integration with policy process theories and institutional theory [184, 185] . There is also creative work on deep transitions [186] and transformative innovation [187] . Similar opportunities may now be available for the theoretical advancement at the intersections of STS and energy social science research.
Thus, the open intellectual terrain of energy social science provides fertile ground for the hybridization of STS perspectives with other perspectives in the social sciences. For example, there is an opportunity to connect STS concepts and frameworks with growing interest in energy studies in energy justice, framing and discourse coalitions, global inequality, gender and race, democracy, sustainability, and different users. In the papers reviewed here, there are intriguing glimpses of a future black box that is more oriented toward this intellectual terrain, among them the study of contested imaginaries, risk, and standards; of work on assemblages that overflow from unintended consequences and public discontent; of new forms of expert-public relations that might open pathways to more democratic engagement rather than legitimation of the status quo; of an expanded analysis of expertise, knowledge, technology, and mobilized publics; of a reinvigorated and expanded analysis of the politics of design of sociotechnical systems; and of new ways of envisioning the user as a citizen and policy actor. These promising developments help to situate STS perspectives as relevant to broad interdisciplinary and even societal conversations that are connected with pressing global problems. Thus, we see the interface of STS and energy social science not as a distinction between a theoretical and applied field but as an interdisciplinary nexus where both fields can advance via new conceptual hybrids and new research agendas.
The black box of sociotechnical maƩers
How are they defined, constructed? (e.g., standards, users, systems) How are they socially contested, reimagined? (e.g., imaginaries, publics)
What are their effects on people, things? (e.g., users, risks, mobilized publics)
What's not in the box? Whose box? Fig. 4 . The black box of sociotechnical matters opened up by science & technology studies. Source: Authors.
Although the topics, themes, and methods of STS research and energy social science may not always be commensurate or compatible, STS approaches can certainly illuminate the complex, and compelling, relationship between humans and the energy infrastructures and material realities they seek to build. By analyzing the coconstruction of technology and society, even when STS approaches cannot necessarily unify, they can creatively clarify.
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